Several regulators within the AraC family control the expression of genes known or thought to be required for virulence of bacterial pathogens. One of these, Rns, activates transcription from an unprecedented variety of binding-site locations. Although nearly all prokaryotic activators bind within a small region upstream and adjacent to the promoter that they regulate, Rns does not bind within this region to activate its own promoter, Prns. Instead, to activate Prns, Rns requires one binding site 224.5 bp upstream and one downstream of the transcription start site. We show in this study that several other AraC family activators recognize the same binding sites as Rns and share with it the ability to utilize a downstream binding site. Like Rns, other members of this group of activators positively regulate the expression of virulence factors in pathogenic bacteria. These regulators are also able to activate transcription from promoter-proximal upstream binding sites since they are able to substitute for Rns at Pcoo, a promoter with only upstream binding sites. Thus, Rns is the prototype for a group of regulators, which include CfaR, VirF, AggR, and CsvR and which activate transcription from locations that are more diverse than those of any other known activator.
Rns, a transcriptional regulator belonging to the AraC family (16) , is present in some strains of human disease-associated enterotoxigenic Escherichia coli (ETEC). Rns is required for the expression of CS1 and CS2 pili, as well as for its own expression (6, 15) . To fully activate the CS1 pilin promoter, Pcoo, Rns uses two DNA binding sites upstream of the transcription start site, site I centered at bp Ϫ109.5 and site II centered at bp Ϫ37.5 (24) . As is the case for nearly all other prokaryotic activators of 70 -dependent promoters (17) , both sites are upstream of the promoter Ϫ10 hexamer. When bound at site II, which overlaps the Ϫ35 hexamer, Rns may make direct contacts with the or ␣ subunits of RNA polymerase, as has been shown for other activators (4, 19, 33) . A potential Rns binding site has also been identified upstream of the CS2 pilin genes at the same position as site II (24) , suggesting that the mechanism of transcriptional activation may be similar at both promoters.
Although Rns binding sites are located within the expected region at the CS1 and CS2 pilin promoters, the arrangement of Rns binding sites at Prns is unprecedented for an activator. Site 1 is centered 224.5 bp upstream of the transcription start site (25) , well outside the promoter-proximal region where activators typically bind. Despite its distance from Prns, site 1 is required for Rns-dependent expression from this promoter because nucleotide substitutions within site 1 that interfere with Rns binding in vitro abolish Rns activation of Prns in vivo. Although other activators of 70 promoters may also have promoter-distal upstream binding sites, these are invariably accompanied by promoter-proximal binding sites for the activator or for an auxiliary regulator (17) . Unlike these other activators, there are no additional Rns binding sites between site 1 and the transcription start site of Prns, and, by itself, Rns facilitates the formation of an RNAP-open complex at Prns in vitro (25) .
Rns has two additional binding sites near Prns; however, both of these sites are downstream of the transcription start site: site 2 is centered at bp ϩ43.5 and site 3 is at bp ϩ83.5. The locations of these sites suggest that Rns negatively regulates its own transcription because proteins that bind downstream of the Ϫ10 hexamer invariably act as repressors (17) . However, nucleotide substitutions within site 3 abolished Rns-dependent expression from Prns, demonstrating that Rns, unlike nearly all other characterized prokaryotic activators, is not restricted to upstream binding sites (25) . Thus, Rns is capable of activating transcription from an unprecedented variety of binding site locations, and this suggests there may be no intrinsic limitation to binding-site locations for activators.
Although Rns is unusual in the location of its binding sites, it probably binds to DNA in the same manner as other AraC family members do, because it shares with them a conserved secondary structure (16) . Like most AraC proteins, Rns has two predicted helix-turn-helix (HTH) motifs within its carboxy terminus. For other AraC family members (3, 32) and presumably also for Rns, each motif participates in DNA binding by placing a recognition helix in the major groove of DNA. The recognition helices of Rns are identical or very similar to those of a group of regulators within the AraC family ( Fig. 1) , which suggests these regulators bind to DNA sequences similar to Rns binding sites. However, a direct comparison between the binding sites for these regulators is not possible because only those that are more distantly related to Rns, UreR (39) and VirF of Yersinia spp. (43) , have binding sites that have been clearly defined experimentally. Attempts to characterize others biochemically (41, 42) have been hampered by their insolubility, a trait common to members of the AraC family (16) .
While little is known about their actual binding sites, the regulators with HTH motifs similar to that of Rns ( Fig. 1) are required for the expression of genes known or thought to be required for virulence of bacterial pathogens. For example, like Rns, several of these activators are needed for the expression of pili. CfaR and CsvR activate the expression of colonization factor antigen I (CFA/I) and CS4 pili, respectively, in different human disease-associated ETEC strains (7, 44) . AggR is required for the expression of aggregative adherence fimbriae I and II (AAF/I and AAF/II) in enteroaggregative E. coli (14, 27) . FapR positively regulates the expression of 987P pili in porcine strains of ETEC (20) . PerA positively regulates the expression of bundle-forming pili in enteropathogenic E. coli (EPEC) (41) .
Rns-related regulators may also regulate the expression of other types of virulence factors, either directly or indirectly through regulatory cascades. In addition to activation of BFP pili, PerA may activate the expression of virulence-associated genes within the 36.5-kb locus of enterocyte attachment and effacement (LEE) (21) indirectly through the activator Ler (22) . PerA also positively regulates the expression of a polycistronic mRNA encoding Tir, CesT, and EaeA (22) , but it is not clear whether this occurs through Ler or through another regulator yet to be identified (22, 37) . VirF from Shigella flexneri, the causative agent of bacillary dysentery, positively regulates the expression of genes needed for S. flexneri to invade, replicate within, and spread between epithelial cells of the colon. VirF regulates some virulence genes directly, as in the case of virG, and regulates others indirectly by activating VirB, a regulator unrelated to the AraC family (12) . UreR, which has been isolated from uropathogenic strains of E. coli and Proteus mirabilis, directly activates the expression of genes encoding the structural subunits of urease in the presence of urea (9) . Although UreR is the only Rns-related activator that has been shown to require an inducer, it positively regulates its own expression, as do Rns and PerA (5, 10, 15) .
The similarities of other activators within the AraC family to Rns suggest the possibility that, like Rns, some may be able to activate transcription from binding sites outside the upstream promoter-proximal region. In this work, we found that Rns can substitute for several related regulators and that all but one of these is also able to substitute for Rns at Pcoo and Prns. We also found that site 3, downstream of the transcription start site, is required by each of these regulators to activate Prns. Since the identity of Rns to some of these activators is limited to their HTH motifs, this motif is an indicator of the ability of AraC family members to substitute for each other. In this study we also demonstrate that regulators interchangeable with Rns recognize the same binding sites as Rns and that a prototypical binding site for the group can be defined from the known binding sites for Rns. This can then be used to predict the location of the binding sites for Rns-related virulence regulators and may facilitate the identification of new virulence genes by sequence analysis. Some of these predicted binding sites are downstream of transcription start sites and even within genes. Thus, transcriptional activation from downstream binding sites is not limited to a single activator or a single promoter. Rather, Rns represents a new class of transcriptional regulators that play a pivotal role in the virulence of bacterial pathogens and whose activity is not restricted to promoter-proximal upstream binding sites.
MATERIALS AND METHODS
Plasmids and strains. Plasmids, strains, and reporter phage are summarized in Table 1 . Reporter phage were constructed by cloning the promoter region of interest upstream of the promoterless lacZYA operon carried by plasmids pRS550, pRS551, or pRS415 (36). The derivative plasmids were then recombined with a resident prophage, RS45, by homologous recombination as described previously (36) .
Enzymatic assays. Lysogens of E. coli strain DH5␣ (45) were used for analysis of the PureR and PureD promoters, and lysogens of strain MC4100 (8) were used for analysis of all other promoters. All strains were grown with aeration at 37°C in Luria Bertani (LB) medium with 100 g of ampicillin per ml. For induction, strains carrying plasmids with regulators expressed from the promoter ParaBAD (18) were grown to log phase with 0.2% glucose, washed, and diluted into LB medium with 0.1% arabinose. For strains carrying plasmids with regulators expressed from Ptac (40), isopropyl-␤-D-thiogalactopyranoside (IPTG) was added at a final concentration of 30 M to log-phase cells. Aliquots of cells in log phase were assayed for ␤-galactosidase activity (23) before and 2 h after induction with IPTG or arabinose. UreR-dependent expression of ␤-galactosidase was assayed on MacConkey agar containing 300 mM urea. For regulators that were not under the control of inducible promoters, the strains were assayed in log phase.
Sequence analysis. A binding-site consensus and scoring index (28) was defined by aligning the five known Rns binding sites as previously described (25) . This scoring index combines the redundancy index (RI) and the Berg vonHippel function (BvH) and is represented graphically by the Rns binding-site sequence logo (34) . The RI ranks the importance of each position in the consensus in terms of the conservation at that position within the alignment (35) . The BvH relates the occurrence of a query nucleotide to that of the consensus base (2) . Each potential binding site is assigned an overall index ranking that is the cumulative sum of BvH times RI at each position. Potential binding sites with index rankings as good as or better than those of known Rns binding sites were 
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VIRULENCE ACTIVATORS WITHIN THE AraC FAMILYdefined as having high similarity to Rns binding sites. The index rankings of other sites were used to define them as having moderate or low similarity to known binding sites by assigning arbitrary cutoff values for each category.
RESULTS AND DISCUSSION
Substitution for other regulators by Rns. The ability of Rns to substitute for other regulators was assayed using single-copy promoter-lacZ reporter fusions integrated into the chromosome of E. coli K-12. Each reporter strain was transformed with a plasmid carrying rns expressed from an arabinose-inducible promoter, a plasmid carrying the promoter's cognate regulator, or, as a negative control, the relevant vector plasmid carrying neither regulator. For the purposes of this study, these assays were sufficiently sensitive to determine which activators can substitute for one another, but they should not be interpreted as a comparison of the activation efficiency of different regulators because the regulators may be expressed at different levels.
Previously, it was concluded that Rns can substitute for VirF of S. flexneri because Rns produced an increased expression of ␤-galactosidase from a mxiC-lacZ fusion (29) . We wished to reexamine this conclusion by assaying the ability of Rns to activate the promoter of virB because VirF positively regulates mxiC indirectly through virB (1). We found that when expression of Rns or VirF was induced, the level of ␤-galactosidase from PvirB increased ( Table 2) . Even before the expression of Rns was induced, the expression of ␤-galactosidase from PvirB was higher than that from the negative control strain. This suggests that even a low level of Rns expression is sufficient to activate PvirB (Table 2 ). These results show that Rns and VirF both activate the same promoter and are consistent with the conclusions of Porter et al. (29) . Although a reporter for an AggR-regulated promoter was not available for these studies, Rns can probably substitute for this regulator because Rns can substitute for another regulator, CfaR (7), which can substitute for AggR (27) . Rns is also more closely related to AggR than to FapR (Fig. 1) , and Rns activated PfasA (Table 2 ), the 987P fimbria promoter which is regulated by FapR in porcine ETEC strains (13) .
The levels of ␤-galactosidase from PperA and LEE1, PerAregulated promoters in EPEC, were not significantly higher when the expression of Rns was induced than in a control strain carrying neither Rns nor PerA (Table 2) . Although the level of expression from Ptir, a promoter indirectly regulated by PerA in EPEC, was twofold higher when Rns was induced than under noninducing conditions, this level was comparable to that for the negative control strain grown under the same inducing conditions. This indicates that Rns does not activate Ptir. Similarly, promoters regulated by UreR in P. mirabilis and in uropathogenic strains of E. coli (11) were not activated by Rns, although the cognate activator UreR caused expression of ␤-galactosidase from each of these promoters in the presence of urea (Table 2 and data not shown). Thus, FapR appears to be the most distantly related AraC family member for which Rns can substitute.
Substitution for Rns by other virulence regulators. To determine whether regulators homologous to Rns can substitute for Rns, we assayed their ability to increase the expression of ␤-galactosidase from Pcoo-lacZ and Prns-lacZ reporters integrated into the chromosome of E. coli K-12. Each regulator was provided in trans from a plasmid. Some regulators were expressed from their native promoters (AggR, UreR, and CfaR), while others were under the control of inducible promoters. In each case, a strain without the gene for the regulator served as a negative control and a strain with rns expressed from an arabinose-inducible promoter served as a positive control. When the expression of VirF was induced, the expression of ␤-galactosidase from both Pcoo and Prns increased ( Table 3) . Although this result is expected from the ability of Rns to substitute for VirF (Table 2) , it disagrees with the previous conclusions of Porter et al. (29) . Presumably their assay, which measured CS1 pilin expression from a Western blot of CooA, was too insensitive to detect activation. AggR and CfaR, which were expressed constitutively from their native promoters, also resulted in significantly higher ␤-galactosidase expression from both Pcoo and Prns than in negative control strains (Table 3) . These results show that CfaR, AggR, and VirF are able to substitute for Rns at both Pcoo and Prns. Surprisingly, FapR was unable to activate Pcoo or Prns (Table 3), although Rns did substitute for FapR to activate PfasA (Table 2 ). This may be because the location of a binding site relative to the promoter is more critical for FapR activity than for Rns activity. This would be consistent with our finding that there are sites similar to Rns binding sites upstream of fasA and within fapR but that the arrangement of these sites is different from that of Rns binding sites in operons regulated by Rns (see below).
As expected from our finding that Rns cannot substitute for PerA or UreR, neither of these regulators was able to substitute for Rns at Pcoo or Prns (Table 3 and data not shown). PerA was also unable to activate these promoters when strains were grown in Dulbecco's modified Eagle's medium (data not shown), conditions that produce the highest PerA activity (30) . UreR did not activate either promoter, since the E. coli K-12 strains carrying the Pcoo-lacZ and Prns-lacZ reporters were Lac Ϫ on indicator plates when transformed with the plasmid carrying UreR expressed from its native promoter, even in the presence of the inducer urea (data not shown). The inability of UreR and Rns to substitute for one another is also consistent with the fact that the consensus UreR binding site (39) is not similar to Rns binding sites. It has previously been shown that another distantly related activator, VirF of Yersinia pestis, is also unable to substitute for Rns (7) .
Rns and related activators utilize the same binding site downstream of the transcription start site of Prns. The homology of the DNA binding domains of Rns, CfaR, AggR, VirF, and CsvR ( Fig. 1) and their interchangeability imply that these regulators recognize similar DNA binding sites. In this study we have also shown that CfaR, AggR, and VirF can substitute for Rns to activate expression from Prns. This suggests that these other regulators are able to function as transcriptional activators when bound downstream of a promoter, because it has been shown that Rns requires binding site 3, downstream of the transcription start site, to activate Prns. However, because it is extremely rare for activators to utilize downstream binding sites, we sought to confirm this prediction experimentally by assaying the effect of a mutation in Rns binding site 3 on the ability of these regulators to activate Prns.
These experiments were performed as described for assays using the wild-type Prns-lacZ reporter fusion, except that the Prns3-lacZ reporter was used. This construct carries nucleotide substitutions within Rns binding site 3 at bp ϩ77 to ϩ80 (numbering relative to the transcription start site of Prns) from AAAA to GGCG. In vitro, this mutation abolished Rns binding to site 3 and the ability of Rns to activate Prns in vivo (Table 3) (25) . Similarly, we found that this mutation abolished the ability of VirF, AggR, and CfaR to activate Prns (Table 3) , although each of these regulators activated expression from wild-type Prns. Thus, Rns and the activators with which it is interchangeable are members of an unusual group of regulators because they can activate transcription when bound either upstream or downstream of a promoter, Pcoo and Prns, respectively. The activator CsvR may also belong to this group, because it has a higher percent identity to Rns than either VirF or AggR does and it has been shown to substitute for Rns and CfaR (44) .
Positions of predicted binding sites in promoters regulated by Rns and related activators. Although VirF, CfaR, and AggR recognize the same binding sites as Rns does and utilize a downstream binding site to activate Prns, we wanted to determine if this promoter is a singular example or if other promoters regulated by these activators have downstream binding sites. However, Rns is the only activator within this group for which binding sites have been defined. Therefore we used the five experimentally determined Rns binding sites to b Ratio of ␤-galactosidase expression from the strain after induction of the regulator compared to preinduction conditions. c For these strains, ␤-galactosidase expression was determined by their phenotype on MacConkey agar with 300 mM urea. define a binding site scoring index for this group of activators which is represented by the Rns binding-site logo (Fig. 2A ). This scoring index was then used to search for potential binding sites, and these were ranked high, moderate, and low based on their similarity to the group of known Rns binding sites.
To assess the accuracy of the search algorithm, the sequences of rns and the CS1 pilin genes were searched first. Within 2 kb of Pcoo, the only sites that ranked high were the two known binding sites that are upstream of this promoter, as expected (Fig. 2C) . The three known binding sites near Prns were also ranked high, and, unexpectedly, so were two sites within rns, at bp ϩ47.5 and ϩ451.5 (Fig. 2B) . For consistency, numbering is relative to the beginning of the open reading frame because the transcriptional start sites for many of the genes under consideration in this section have not been determined. The function of the predicted binding sites within Rns is unclear since deletions that remove both of these sites have no detectable effect on transcription from Prns in vivo under normal laboratory growth conditions. However, DNase I footprinting showed that an maltose-binding protein-Rns fusion protein bound to the site at bp ϩ47.5 (G. P. Munson and J. R. Scott, unpublished data). Although similar binding studies have not yet been done for the potential binding site at bp ϩ451.5, the accuracy of the search algorithm suggests that further investigations into the function of this and other predicted sites are warranted.
Another indication of the accuracy of the search algorithm is the correlation between a predicted binding site ranked high and deletion analysis of PvirB. Nucleotide sequence analysis revealed one potential binding site centered 150.5 bp upstream of virB on the coding strand (Fig. 2C) . Deletions of sequences upstream of bp Ϫ163 had no effect on VirF activation of PvirB in vivo, but an upstream deletion extending to bp Ϫ153, within the predicted binding site, abolished VirF activation of PvirB (42) . A DNase I footprint for VirF also includes this protected site; however, it was not possible to identify a discrete VirF binding site from the footprint because it was extensive (42) . In contrast to the frequency of high-scoring sites near Pcoo, Prns, and PvirB, a random sampling of the E. coli K-12 genome found that high-scoring sites are relatively infrequent, approximately one for every 10 kbp. This suggests that the identification of false-positive binding sites is rare.
When cfaR and csvR were searched, binding sites ranked as high were found in an arrangement nearly identical to the known and potential sites upstream of and within rns (Fig. 2B) . Rns binding site 1 is centered at bp Ϫ394.5 (relative to the open reading frame) on the coding strand and is required for autoregulation of Rns despite its distance from the transcriptional start. A predicted binding site is similarly positioned upstream of cfaR, centered at bp Ϫ399.5, and upstream of csvR, centered at bp Ϫ351.5. Another site required for positive autoregulation is site 3, centered at bp Ϫ86.5, downstream of Prns (25) . Predicted binding sites are found at the similar positions of bp Ϫ86.5 for cfaR and Ϫ87.5 for csvR. Although it is not known if CfaR and CsvR are autoregulatory, these findings suggest that they are and that they use an arrangement of binding sites similar to Rns to positively regulate their own expression. CsvR has also been shown to substitute for CfaR and Rns (44) . Although site 2 at bp Ϫ126.5 and the sites at bp ϩ47.5 and ϩ451.5 do not appear to be required for positive autoregulation of rns under laboratory conditions (25; Munson and Scott, unpublished), sites at similar locations were found upstream of and within cfaR and csvR. A function has not been attributed to these sites, but their conservation at Rns, CfaR, and CsvR suggest that they may play a regulatory role that is yet to be discovered.
Several potential binding sites were found upstream of and within aggR and fapR (Fig. 2B) , although the arrangement of these sites was not identical to that of the sites at Prns. FapR is not thought to positively regulate its own expression (13) , which correlates with the absence of sites in locations required for Rns autoactivation. Since it is not yet known if AggR is autoregulatory, the significance of predicted sites near and within aggR is unclear. However, we have shown that AggR (26) . This correlates with the lack of conserved potential binding sites upstream of virF, although a binding site ranked high was found within virF at bp ϩ155.5. Additional sites, some nearly identical in sequence to known Rns binding sites, were identified near genes known to be regulated by Rns or the regulators with which it is interchangeable (Fig. 2C) . However only low-scoring sites were identified near the putative promoters for CS2, CFA/I, and AAF/I pilin genes (Fig. 2C) , even though the expression of these pili is Rns, CfaR, and AggR dependent respectively. One possible explanation is that the five known Rns binding sites on which the consensus motif is based do not represent the full range of actual binding sites for Rns and related activators. In this case, more divergent binding sites will not be detected or will be ranked low even though they may be high-affinity binding sites. Additional DNA binding studies are required to address this issue and should result in more accurate binding-site predictions by increasing the sample size of known Rns binding sites. Even though the search algorithm may not detect all Rns binding sites, it is likely that those ranked high or moderate are actual binding sites. The locations of some high-and moderate-scoring sites within open reading frames indicate that at least some of them are downstream of transcription start sites, although the promoters for many of these genes have not been identified. This further suggests that these activators may not be limited to binding sites within a narrow region upstream of a promoter. Thus, Rns and related activators appear to have a more diverse repertoire of binding-site locations than was previously thought possible for prokaryotic activators.
Conclusions and evolutionary considerations. As an activator, Rns presents an unprecedented variability in the arrangement of the binding sites with which it interacts. However, in this study we have shown that Rns is not unique VirF, AggR, and CfaR also can activate expression from both Pcoo, with its more typical arrangement of binding sites, and Prns. Since the identity of VirF and AggR to Rns is limited to the HTH motifs, this suggests that identity within this region may by itself be a good indicator of which regulators within the AraC family can substitute for one another. Moreover, each of these regulatory proteins requires binding site 3, downstream of the transcription start site, to activate Prns. Thus, Rns is the prototype for a group of activators within the AraC family whose activity is not restricted to upstream binding sites. Although the number of regulators that function as activators when bound downstream of a promoter is still very small (25, 31, 38) , they may be more common than previously thought because the AraC family has over 150 members (16) , many of which have not been characterized.
At their native promoters, each of these activators probably binds DNA sequences similar to the prototypical binding site ( Fig. 2A) defined by the five characterized Rns binding sites. Because these regulators are associated with the expression of virulence factors, this information may provide a powerful tool to search for other virulence genes by computational analysis of genomic sequences. However, we have restricted our VIRULENCE ACTIVATORS WITHIN THE AraC FAMILYpresent analysis to genes that are known to be regulated by Rns and its homologs because the small sample size of five known binding sites may limit the accuracy of predictions. The experimental verification of some of these predictions will increase our confidence in this type of analysis, the sample size of known binding sites, and, presumably, the accuracy of bindingsite identification. Eventually, this type of analysis may provide a starting point for genetic and biochemical analysis of virulence regulons, and these methods should be applicable to other homologous groups of regulators.
The genes encoding Rns and the activators with which it is interchangeable have an unusually low GϩC content of less than or equal to 30%, while the average GϩC content for E. coli is 49%. This extremely low GϩC content suggests that Rns and its homologs have recently been acquired from an organism that has yet to be identified. Perhaps the ability to utilize downstream binding sites is common in the hypothetical ancestor from which these activators were derived. The further characterization of Rns and its regulation of Prns should provide a new perspective on activators and transcription initiation.
